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Abstract 
Hydrothermal flow-through experiments were conducted to investigate the mechanism of silica nucleation and 
precipitation at 430 ºC and 31 MPa. We used elevated Si solutions (CSi = ~ 375 ppm) with variable Al and Na 
concentrations. No rock/mineral substrates were used for precipitation. With increasing Al concentrations from 0 to 
6.7 ppm at a Na/Al molar ratio of 1.48 in the input solution, the dominant mineral in the products changed from 
amorphous silica to quartz, and the amount of the products systematically increased. The formation rate of quartz 
veins and silica scale may be affected by Al and cations in solution. 
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1. Introduction 
Silica is the most dominant component in the Earth’s crust. The mechanism and rate of dissolution 
and precipitation of silica minerals is crucial for constraining the temporal and spatial variation of 
hydrological and rheological properties of the crust, and for industrial usage of the subsurface 
environment, such as geothermal energy and CO2 storage.  
Various silica minerals (quartz, amorphous silica, cristobalite etc.) ubiquitously form by precipitation 
from fluids in crustal environments. In quartz veins, quartz crystals grow on the walls or form into equant 
grains as the result of nucleation in fluids. The formation of silica scales in pipelines causes serious 
problems for the operation of the geothermal power plants. Fluids in geothermal areas contain trace 
elements leaching from crustal rocks, and these elements are considered to affect dissolution-precipitation 
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kinetics of silica minerals. Especially, aluminum is commonly incorporated into quartz veins (e.g. 1) and 
other silica deposits, and it is considered to accelerate silica deposition (e.g. 2). 
In this work, the hydrothermal flow-through experiments were conducted at 430 ºC and 31 MPa to 
understand the effect of Al and Na in solutions on the mineralogy and precipitation rate of silica 
polymorphs. In the experiments, we used high Si solutions (higher than the solubility of amorphous 
silica) and did not use rock/mineral substrates for precipitation. We show that nucleation-controlled 
precipitation of silica minerals is enhanced by incorporation of Al and Na in the input solutions.  
2. Experimental design 
2.1. Experimental apparatus 
The apparatus consisted of three tube-type reaction vessels made of stainless steel (SUS316); the first 
and second vessel were for preparing Si-supersaturated solution by dissolution of albite and quartz sand 
(diameter, 1‒2 mm), respectively, and the third vessel was for precipitation with no rock/mineral substrate. 
The fluid pressure was regulated to 31 ± 1 MPa by using a back-pressure valve. Temperatures for 
dissolution of albite were 160–360 ºC to control the Al and Na concentrations, CAl and CNa, respectively. 
Temperatures for dissolution of quartz and precipitation were 360 ºC and 430 ºC, respectively, because 
the solubility of quartz in water has a local maximum around 360 ºC and decreases rapidly at 430 ºC at 31 
MPa (Fournier and Potter [3]; Tsuchiya and Hirano[4]). The solubility of amorphous silica and quartz,  
CSi,AmSil,eq and CSi,Qtz,eq, are 220 and 77 ppm, respectively (Okamoto et al.[5]; Akinfiev and Diamond [6]). 
The flow rate was controlled at 2.0 ± 0.5 g/min. More details on the apparatus are shown by Saishu et al. 
(in press) [7]. 
2.2. Analysis 
The input and output solutions were sampled after quenching. The solution was filtered with a 0.25 
µm filter, the concentrations of Si, Al, and Na were subsequently measured by Inductively Coupled 
Plasma-Atomic Emission Spectrometry (ICP-AES). The pH of the solution was measured at the room 
temperature (25 ºC). After each experiment, the vessel for precipitation was cut into 17 segments (each 3 
cm long) along the flow path. The precipitated products on the tube wall at each segment were weighed 
and identified by X-Ray Diffractometer (XRD). Thin sections were prepared to observe microstructures 
and chemical compositions by optical microscopy and an electron probe microanalyser (EPMA). 
3. Results 
The Si concentrations in the input solutions, CSi, were 268–375 ppm, which is not only higher than the 
solubility of quartz but also of amorphous silica (Fig. 1a). The degree of supersaturation with respect to 
quartz, Ω = CSi / CSi,Qtz,eq, were 3.5‒4.9. The concentrations of Al in the input solution were 0.0, 0.4, 1.4, 
2.3, 3.0, 5.6, and 6.7 ppm. The Na concentration showed a linear correlation with Al concentration, with 
Na/Al molar ratio of ~1.48. pH values ranged from 5.5 to 8.2 at room temperature in each experiment.  
With increasing CAl, CSi in the output solution decreased gradually, from the solubility of amorphous 
silica to that of quartz (Fig. 1a), and the difference in Si concentration between the input and output 
solutions, ΔCSi, increased. The difference in Al concentration between the input and output solutions, 
ΔCAl, positively correlated with the difference in Na concentration, ΔCNa (ΔCNa /ΔCAl = 0.99–1.31). In the 
run durations of the experiments (76–113 hours), the average precipitation rate increased from 13 to 61 
mg h−1 linearly with increasing of CAl (Fig. 1b). 
The change in the Si concentration of the output solutions is consistent with the mineralogy of the pro- 
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Fig. 1. (a) The Si concentration of the input (light grey) and output (dark grey) solutions in the experiments of CAl = 0‒6.7 ppm. The 
solubility of amorphous silica and quartz is 220 and 77 ppm. (b) Weight of precipitated silica minerals (mg/hour) increased with 
increasing the Al concentration in the input solutions (ppm). 
 
Fig. 2. Silica minerals that formed in the experiments. (a) BSE images of amorphous silica in the experiment of Al = 1.4 ppm at 8 
cm after the inlet (CSi = 350 ppm), (b) Optical photomicrograph under cross-polarized light of quartz in the experiment of Al = 6.7 
ppm at 8 cm after the inlet (CSi = 303 ppm) and (c) SEM-CL images of quartz crystals in the same sample of (b). 
ducts (Figs. 1a and 2); the silica minerals changed from amorphous silica to quartz, with decreasing CSi in 
the output solutions. In the products of the experiment of CAl = 1.4 ppm, amorphous silica is the dominant 
mineral (Fig. 2a), whereas quartz precipitated dominantly in the experiment of CAl = 6.7 ppm (Fig. 2b). A 
SEM-CL image shows a concentric zoning of quartz crystals, indicating nucleation and growth of quartz 
crystal in fluids (Fig. 2c). The bright CL regions correspond to high Al content in quartz, and the Al and 
Na contents in quartz in high-Al experiments (>3 ppm) showed a positive correlation, whereas Al and Na 
contents in amorphous silica and cristobalite in the low-Al experiments (<3 ppm) were under the 
detection limits (Saishu et al. [7]). 
4. Discussion 
The correlation between Al and Na was observed in the samples of both the solutions and the products, 
indicating that Al and Na incorporated into quartz mainly by the substitution Si4+ = Al3+ + Na+.  
Based on the classical nucleation theory (Okamoto et al. [5]; Steefel and Van Cappellen [8]; Lasaga 
[9]; Alexander [10]; Hiraga et al. [11]), both amorphous silica and quartz can nucleate homogeneously in 
the experimental solutions (CSi >250 ppm for amorphous silica and CSi >280 ppm for quartz). The 
averaged precipitation rate systematically increased with increasing CAl and CNa in the input solution (Fig. 
1b) perhaps because only amorphous silica nucleated in low-Al experiments (Fig. 2a), whereas quartz 
nucleation occurred in high-Al experiments (Fig. 2b, c) homogeneously and heterogeneously due to Al 
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and Na that might reduce the energy barrier of quartz nucleation. Al and Na might also enhance the 
formation of Na-Al-Si and Na-Al-Si complexing in solutions (Newton and Manning [12]). 
Our results suggested that quartz vein could form in which quartz nucleation occurs directly without 
precursor amorphous silica or cristobalite, and the average rate of precipitation of silica minerals is 
affected by Al and Na in the fluids from the abundant feldspars in crustal rocks. In addition, silica scale 
composed of amorphous silica might be related to the lower amounts of Al and Na because of the absence 
of minerals in the pipeline of a geothermal energy plant. 
Conclusion 
We investigate the mechanism of silica precipitation in hydrothermal flow-through experiments at 430 
ºC and 31 MPa. With increasing of Al and Na concentrations in the input solution, the dominant products 
changed from amorphous silica to quartz, and the amount of the products systematically increased. The 
formation rate of quartz veins and silica scale may be affected by Al and cations in the solution.  
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